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(57) ABSTRACT 
The present disclosure describes systems and methods that 
use spatial modulation to focus continuous wave light into a 
localized region of interest such as an individual blood vessel. 
In certain embodiments, intensity modulation techniques, 
such as linear frequency modulation, are used in conjunction 
With spatial modulation to achieve more precise measure 
ments through otherWise scattering medium. The focused 
beam of continuous wave light is capable of penetrating sev 
eral centimeters of tissue to deliver measurements and images 
associated With individual blood vessels and other discrete 
vascular components. 
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LIGHT FOCUSING CONTINUOUS WAVE 
PHOTOACOUSTIC SPECTROSCOPY AND ITS 
APPLICATIONS TO PATIENT MONITORING 

BACKGROUND 

The present disclosure relates generally to medical devices 
and, more particularly, to the use of light focusing continuous 
wave emission in photo-acoustic spectroscopy to analyze 
vascular network. 

This section is intended to introduce the reader to various 
aspects of art that may be related to various aspects of the 
present disclosure, which are described and/or claimed 
below. This discussion is believed to be helpful in providing 
the reader with background information to facilitate a better 
understanding of the various aspects of the present disclosure. 
Accordingly, it should be understood that these statements are 
to be read in this light, and not as admissions of prior art. 

In the ?eld of medicine, doctors often desire to monitor 
certain physiological characteristics of their patients. Accord 
ingly, a wide variety of devices have been developed for 
monitoring many such characteristics of a patient. Such 
devices provide doctors and other healthcare personnel with 
the information they need to provide the best possible health 
care for their patients. As a result, such monitoring devices 
have become an indispensable part of modern medicine. 

Certain monitoring devices, for example, spectroscopy 
devices, are capable of measuring different physiological 
parameters, including oxygen saturation, hemoglobin, blood 
perfusion, and so forth. Spectroscopy devices typically irra 
diate a patient’s tissue with a light. The irradiated region 
usually encompasses a wide array of blood vessels such as 
arterioles and capillaries. Absorbance data at known wave 
lengths of the irradiated light may then be analyzed to provide 
medical information representative of the physiological 
region of interest. However, spectroscopic devices may not 
able to evaluate precise regions of interest, such as individual 
blood vessels. Accordingly, it would be bene?cial to develop 
systems and methods for monitoring very precise regions of 
interest, including individual blood vessels and other discrete 
vascular components. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Advantages of the disclosure may become apparent upon 
reading the following detailed description and upon reference 
to the drawings in which: 

FIG. 1 is a block diagram of a patient monitor and photoa 
coustic sensor, in accordance with an embodiment; 

FIG. 2 depicts a photoacoustic measurement in accordance 
with an embodiment; 

FIG. 3 depicts a focused photoacoustic measurement in 
accordance with an embodiment; and 

FIG. 4 depicts a ?owchart of a method for observing local 
ized regions of interest. 

DETAILED DESCRIPTION 

One or more speci?c embodiments of the present disclo 
sure will be described below. In an effort to provide a concise 
description of these embodiments, not all features of an actual 
implementation are described in the speci?cation. It should 
be appreciated that in the development of any such actual 
implementation, as in any engineering or design project, 
numerous implementation-speci?c decisions must be made 
to achieve the developers’ speci?c goals, such as compliance 
with system-related and business-related constraints, which 
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2 
may vary from one implementation to another. Moreover, it 
should be appreciated that such a development effort might be 
complex and time consuming, but would nevertheless be a 
routine undertaking of design, fabrication, and manufacture 
for those of ordinary skill having the bene?t of this disclosure. 

In certain medical contexts it may be desirable to ascertain 
various localized physiological parameters, such as param 
eters related to individual blood vessels or other discrete 
components of the vascular system. Examples of such param 
eters may include oxygen saturation, hemoglobin concentra 
tion, perfusion, and so forth for an individual blood vessel. 
One approach to measuring such localized parameters is 
referred to as photoacoustic (PA) spectroscopy. 
PA spectroscopy involves a light source suitable for emit 

ting light into a patient tissue such that the emitted light is 
absorbed by certain constituents of the tissue and/or the vas 
cular system (e.g., blood). The absorbed light energy gener 
ates a proportionate increase in kinetic energy of the constitu 
ents in the tissue measurement site which in turn results in 
pressure ?uctuations. The pressure ?uctuations may be 
detected in the form of acoustic radiation (e.g., ultrasound) 
and the acoustic radiation may be used to determine the 
amount of light absorption, and thus the quantity of the con 
stituents of interest, in the illuminated region. For example, 
the detected ultrasound energy may be proportional to the 
optical absorption coe?icient of the blood or tissue constitu 
ent and the ?uence of light at the wavelength of interest at the 
localized region being measured (e.g., a speci?c blood ves 
sel). Thus, by emitting a light beam at a wavelength absorbed 
by constituents in the tissue and/or blood, PA spectroscopy 
may be used to estimate microcirculatory blood volume, as 
well as other parameters such as hemoglobin concentration 
and oxygen saturation (i.e., percentage of oxygen in the 
blood), at particular measurement sites. Further, it may be 
possible to create 2-dimensional (2D) as well as 3-dimen 
sional (3D) images of tissue sites, as described in more detail 
below. 

In certain embodiments, increased depth resolution mea 
surements of the constituent may be achieved with the use of 
a frequency-domain (e.g., Fourier transform) PA spectros 
copy system. In frequency-domain (FD) PA spectroscopy, an 
intensity modulated continuous wave light source may be 
used that is capable of employing linear frequency modula 
tion (e.g., chirp modulation, sweep modulation) techniques. 
In linear frequency modulation (LFM), an optical waveform 
is created with a frequency that increases or decreases with 
time. Chirp modulation, sometimes referred to as sweep 
modulation, allows for the use of, for example, a sinusoidal 
LFM waveform. Techniques such as Fourier transforms may 
be used to e?iciently process the sinusoidal LFM waveforms. 
Accordingly, the LFM waveform may be employed to irradi 
ate patient tissue, and the ultrasound signals resulting from 
the irradiation may then be analyzed. A relationship between 
the time delay of acoustic response and the depth of constitu 
ents can be recovered using correlation processing and/or 
heterodyne signal processing. 
One problem that may arise in PA spectroscopy may be 

attributed to the tendency of the emitted light to diffuse or 
scatter in the tissue of the patient. As a result, light emitted 
toward an internal structure or region, such as a blood vessel, 
may be diffused prior to reaching the region so that amount of 
light reaching the region is less than desired. Therefore, due to 
the diffusion of the light, less light may be available to be 
absorbed by the constituent of interest in the target region, 
thus reducing the ultrasonic waves generated at the target 
region of interest, such as a blood vessel. Therefore, the 
light-to -ultrasound conversion e?iciency may be reduced due 
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to the light diffusing properties of the intervening tissue 
between the surface of the skin and the internal structure or 
region of interest. In certain embodiments of the present 
disclosure, the emitted light may be focused on an internal 
region of interest by spatially modulating the illuminating 
light to reduce or eliminate the effects of light diffusion. 
Accordingly, a spatially modulated FD PA spectroscopy sys 
tem may be capable of more precise measurements of a vari 
ety of vessel-speci?c physiological parameters, which may 
be desired for many applications. 

With this in mind, FIG. 1 depicts a block diagram of a 
photoacoustic spectroscopy system 8 in accordance with 
embodiments of the present disclosure. The system 8 includes 
a photoacoustic spectroscopy sensor 10 and a monitor 12. The 
sensor 10 may emit spatially modulated light at certain wave 
lengths into a patient’s tissue and may detect acoustic waves 
(e. g., ultrasound waves) generated in response to the emitted 
light. The monitor 12 may be capable of calculating physi 
ological characteristics based on signals received from the 
sensor 10 that correspond to the detected acoustic waves. The 
monitor 12 may include a display 14 and/or a speaker 16 
which may be used to convey information about the calcu 
lated physiological characteristics to a user. The sensor 10 
may be communicatively coupled to the monitor 12 via a 
cable or, in some embodiments, via a wireless communica 
tion link. 

In one embodiment, the sensor 10 may include a light 
source 18 and an acoustic detector 20, such as an ultrasound 
transducer. The present discussion generally describes the use 
of continuous wave (CW) light sources to facilitate explana 
tion. However, it should be appreciated that the photoacoustic 
sensor 10 may also be adapted for use with other types of light 
sources, such as pulsed light sources, in other embodiments. 
In certain embodiments, the light source 18 may be associated 
with one or more optical ?bers for conveying light from one 
or more light generating components to the tissue site. 

The photoacoustic spectroscopy sensor 8 may include a 
light source 18 and an acoustic detector 20 that may be of any 
suitable type. For example, in one embodiment the light 
source 18 may be one, two, or more light emitting compo 
nents (such as light emitting diodes) adapted to transmit light 
at one or more speci?ed wavelengths. In certain embodi 
ments, the light source 18 may include a laser diode or a 
vertical cavity surface emitting laser (VCSEL). The laser 
diode may be a tunable laser, such that a single diode may be 
tuned to various wavelengths corresponding to a number of 
different absorbers of interest in the tissue and blood. That is, 
the light may be any suitable wavelength or wavelengths 
(such as a wavelength between about 500 nm to about 1100 
nm or between about 600 nm to about 900 nm) that is 
absorbed by a constituent of interest in the blood or tissue. For 
example, wavelengths between about 500 nm to about 600 
nm, corresponding with green visible light, may be absorbed 
by deoxyhemoglobin and oxyhemoglobin. In other embodi 
ments, red wavelengths (e. g., about 600 nm to about 700 nm) 
and infrared or near infrared wavelengths (e. g., about 800 nm 
to about 1100 nm) may be used. In one embodiment, the 
selected wavelengths of light may penetrate between 1 mm to 
3 cm into the tissue of the patient 24. 
An acousto-optic modulator (AOM) 25 may modulate the 

intensity of the emitted light, for example, by using LFM 
techniques. The emitted light may be intensity modulated by 
the AOM 25 or by changes in the driving current of the LED 
emitting the light. The intensity modulation may result in any 
suitable frequency, such as from 1 MHZ to 10 MHZ or more. 
Accordingly, in one embodiment, the light source 18 may 
emit LFM chirps at a frequency sweep range approximately 
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4 
from 1 MHZ to 5 MHZ. In another embodiment, the frequency 
sweep range may be of approximately 0.5 MHZ to 10 MHZ. 
The frequency of the emitted light may be increasing with 
time during the duration of the chirp. In certain embodiments, 
the chirp may last approximately 1 second or less and have an 
associated energy of a 10 m] or less, such as between 1 u] to 
2 m], 1-5 m], 1-10 mj. In such an embodiment, the limited 
duration of the light may prevent heating of the tissue while 
still emitting light of su?icient energy into the region of 
interest to generate the desired acoustic shock waves when 
absorbed by the constituent of interest. 
The light emitted by the light source 18 may be spatially 

modulated, such as via a modulator 22. For example, in one 
embodiment, the modulator 22 may be a spatial light modu 
lator, such as a Holoeye® LC-R 2500 liquid crystal spatial 
light modulator. In one such embodiment, the spatial light 
modulator may have a resolution of 1024x768 pixels or any 
other suitable pixel resolution. During operation, the pixels of 
the modulator 22 may be divided into subgroups (such as 
square or rectangular subarrays or groupings of pixels) and 
the pixels within a subgroup may generally operate together. 
For example, the pixels of a modulator 22 may be generally 
divided into square arrays of 10x10, 20x20, 40x40, or 50x50 
pixels. In one embodiment, each subgroup of pixels of the 
modulator 22 may be operated independently of the other 
subgroups. The pixels within a subgroup may be operated 
jointly (i.e., are on or off at the same time) though the sub 
groups themselves may be operated independently of one 
another. In this manner, each subgroup of pixels of the modu 
lator 22 may be operated so as to introduce phase differences 
at different spatial locations within the emitted light. That is, 
the modulated light that has passed through one subgroup of 
pixels may be at one phase and that phase may be the same or 
different than the modulated light that has passed through 
other subgroups of pixels, i.e., some segments or portions of 
the modulated light wavefront may be ahead of or behind 
other portions of the wavefront. In one embodiment, the 
modulator 22 may be associated with additional optical com 
ponents (e. g., lenses, re?ectors, refraction gradients, polariZ 
ers, and so forth) through which the spatially modulated light 
passes before reaching the tissue of the patient 24. 

In one example, the acoustic detector 20 may be one or 
more ultrasound transducers suitable for detecting ultrasound 
waves emanating from the tissue in response to the emitted 
light and for generating a respective optical or electrical sig 
nal in response to the ultrasound waves. For example, the 
acoustic detector 20 may be suitable for measuring the fre 
quency and/or amplitude of the ultrasonic waves, the shape of 
the ultrasonic waves, and/or the time delay associated with 
the ultrasonic waves with respect to the light emission that 
generated the respective waves. In one embodiment an acous 
tic detector 20 may be an ultrasound transducer employing 
pieZoelectric or capacitive elements to generate an electrical 
signal in response to acoustic energy emanating from the 
tissue of the patient 24, i.e., the transducer converts the acous 
tic energy into an electrical signal. 

In one implementation, the acoustic detector 20 may be a 
low ?nesse Fabry-Perot interferometer mounted on an optical 
?ber. In such an embodiment, the incident acoustic waves 
emanating from the probed tissue modulate the thickness of a 
thin polymer ?lm. This produces a corresponding intensity 
modulation of light re?ected from the ?lm. Accordingly, the 
acoustic waves are converted to optical information, which is 
transmitted through the optical ?ber to an upstream optical 
detector, which may be any suitable detector. In some 
embodiments, a change in phase of the detected light may be 
detected via an appropriate interferometry device which gen 
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erates an electrical signal that may be processed by the moni 
tor 12. The use of a thin ?lm as the acoustic detecting surface 
allows high sensitivity to be achieved, even for ?lms of 
micrometer or tens of micrometers in thickness. In one 
embodiment, the thin ?lm may be a 0.25 mm diameter disk of 
50 micrometer thickness polyethylene terepthalate with an at 
least partially optically re?ective (e.g., 40% re?ective) alu 
minum coating on one side and a mirror re?ective coating on 
the other (e.g., 100% re?ective) that form the mirrors of the 
interferometer. The optical ?ber may be any suitable ?ber, 
such as a 50 micrometer core silica multimode ?ber of 
numerical aperture 0.1 and an outer diameter of 0.25 mm. 

The photoacoustic sensor 10 may include a memory or 
other data encoding component, depicted in FIG. 1 as an 
encoder 26. For example, the encoder 26 may be a solid state 
memory, a resistor, or combination of resistors and/or 
memory components that may be read or decoded by the 
monitor 12, such as via reader/decoder 28, to provide the 
monitor 12 with information about the attached sensor 10. For 
example, the encoder 26 may encode information about the 
sensor 10 or its components (such as information about the 
light source 18 and/or the acoustic detector 20). Such encoded 
information may include information about the con?guration 
or location of photoacoustic sensor 10, information about the 
type of lights source(s) 18 present on the sensor 10, informa 
tion about the wavelengths, light wave frequencies, chirp 
durations, and/ or light wave energies which the light 
source(s) 18 are capable of emitting, information about the 
nature of the acoustic detector 20, and so forth. In certain 
embodiments, the information also includes a reference LFM 
chirp that was used to generate the actual LFM emitted light. 
This information may allow the monitor 12 to select appro 
priate algorithms and/ or calibration coe?icients for calculat 
ing the patient’s physiological characteristics, such as the 
amount or concentration of a constituent of interest in a local 
ized region, such as a blood vessel. 

In one implementation, signals from the acoustic detector 
20 (and decoded data from the encoder 26, if present) may be 
transmitted to the monitor 12. The monitor 12 may include 
data processing circuitry (such as one or more processors 30, 
application speci?c integrated circuits (ASICS), or so forth) 
coupled to an internal bus 32. Also connected to the bus 32 
may be a RAM memory 34, a speaker 16 and/or a display 14. 
In one embodiment, a time processing unit (TPU) 40 may 
provide timing control signals to light drive circuitry 42, 
which controls operation of the light source 18, such as to 
control when, for how long, and/ or how frequently the light 
source 18 is activated, and if multiple light sources are used, 
the multiplexed timing for the different light sources. 

The TPU 40 may also control or contribute to operation of 
the acoustic detector 20 such that timing information for data 
acquired using the acoustic detector 20 may be obtained. 
Such timing information may be used in interpreting the 
shock wave data and/ or in generating physiological informa 
tion of interest from such acoustic data. For example, the 
timing of the acoustic data acquired using the acoustic detec 
tor 20 may be associated with the light emission pro?le of the 
light source 18 during data acquisition. Likewise, in one 
embodiment, data acquisition by the acoustic detector 20 may 
be gated, such as via a switching circuit 44, to account for 
differing aspects of light emission. For example, operation of 
the switching circuit 44 may allow for separate or discrete 
acquisition of data that corresponds to different respective 
wavelengths of light emitted at different times. 

The received signal from the acoustic detector 20 may be 
ampli?ed (such as via ampli?er 46), may be ?ltered (such as 
via ?lter 48), and/or may be digitized if initially analog (such 
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6 
as via an analog-to-digital converter 50). The digital data may 
be provided directly to the processor 30, may be stored in the 
RAM 34, and/or may be stored in a queued serial module 
(QSM) 52 prior to being downloaded to RAM 34 as QSM 52 
?lls up. In one embodiment, there may be separate, parallel 
paths for separate ampli?ers, ?lters, and/or A/D converters 
provided for different respective light wavelengths or spectra 
used to generate the acoustic data. 
The data processing circuitry (such as processor 30) may 

derive one or more physiological characteristics based on 
data generated by the photoacoustic sensor 12. For example, 
based at least in part upon data received from the acoustic 
detector 20, the processor 30 may calculate the amount or 
concentration of a constituent of interest in a localized region 
of tissue or blood using various algorithms. In certain 
embodiments, these algorithms may use coef?cients, which 
may be empirically determined, that relate the detected 
acoustic shock waves generated in response to emitted light 
waves at a particular wavelength or wavelengths to a given 
concentration or quantity of a constituent of interest within a 
localized region. Further, 2D and 3D images may be created 
by analyzing the ultrasound signals. Such analysis may incor 
porate techniques that can extract the image based on, for 
example, the observation that the magnitude of the ultrasonic 
signal is proportional to the energy deposited by the emitted 
light, and the further observation that different types of con 
stituents absorb light at different wavelengths. In addition, in 
one embodiment the data processing circuitry (such as pro 
ces sor 3 0) may communicate with the TPU 40 and/ or the light 
drive 42 to spatially modulate the wave front of light emitted 
by the light source 18 based on one or more algorithms, as 
discussed herein. 

In one embodiment, processor 30 may access and execute 
coded instructions, such as for implementing the algorithms 
discussed herein, from one or more storage components of the 
monitor 12, such as the RAM 34, a ROM 60, and/or the mass 
storage 62. Additionally, the RAM 34, ROM 60, and/or the 
mass storage 62 may serve as data repositories for informa 
tion such as templates for LFM reference chirps, coef?cient 
curves, and so forth. For example, code encoding executable 
algorithms may be stored in the ROM 60 or mass storage 
device 62 (such as a magnetic or solid state hard drive or 
memory or an optical disk or memory) and accessed and 
operated according to processor 30 instructions using stored 
data. Such algorithms, when executed and provided with data 
from the sensor 10, may calculate a physiological character 
istic as discussed herein (such as the type, concentration, 
and/or amount of a constituent of interest). Once calculated, 
the physiological characteristic may be displayed on the dis 
play 14 for a caregiver to monitor or review. 

With the foregoing system discussion in mind, light emit 
ted by the light source 18 of the photoacoustic sensor 10 may 
be used to generate acoustic signals in proportion the amount 
of an absorber (e.g., a constituent of interest) in a targeted 
localized region. However, as noted above, the emitted light 
may be scattered upon entering the tissue, with the amount of 
scatter or dispersion increasing as the light penetrates deeper 
into the tissue. Thus, for localized regions or structures of 
interest, such as blood vessels, the greater the depth of such 
vessels beneath the tissue surface, the greater the dispersion 
of the emitted light before reaching the localized region or 
structure. For example, referring to FIG. 2, a CW light 70 may 
be generated by using intensity modulation techniques such 
as linear frequency modulation (LFM). In LFM, the CW light 
70 may use LFM coding, such as a reference LFM signal that 
increases its frequency over time. The CW light 70 may thus 
incorporate the LFM signal to produce a corresponding light 
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wave with a linearly increasing frequency. The CW light 70 
may then be emitted into a tissue 72, which results in acoustic 
waves. LFM processing techniques such as correlation pro 
cessing and/or heterodyne signal processing may be applied 
to the acoustic wave response as describe in more detail below 
with respect to FIG. 3, to determine the measurements of 
interest. However, the CW light 70 may begin to disperse 
upon entering the tissue 72. As a result, the intensity and/or 
?uence of the emitted light incident upon the localized region 
of interest 74, such as blood vessel, may be reduced, resulting 
in less absorption by the constituent of interest within the 
localized region 74 and proportionately less energetic acous 
tic waves 76 being generated. This may yield a relatively low 
strength signal at the acoustic detector 20 relative to the noise 
(i.e., low signal-to-noise ratio) associated with the measure 
ment. 

Turning to FIG. 3, in one embodiment, the strength of the 
measured signal may be increased by focusing the CW light 
70, such as the LFM encoded CW light, on the region of 
interest 74, as denoted by focused beam 80. Such focusing 
may result in less dispersal or scattering of the light prior to 
reaching the region of interest 74 and correspondingly greater 
intensity and/ or ?uence of the light at the region of interest 74. 
As a result more absorption of light by the constituent of 
interest may occur in the region of interest 74, yielding pro 
portionately more energetic acoustic waves 76 with a corre 
sponding higher signal-to-noise ratio at the acoustic detector 

The CW light 70 may be intensity modulated by the AOM 
22, for example, by using LFM techniques. The CW light 70 
may then be focused on one or more concurrent focal points 
by spatially modulating the CW light 70 to yield an inverse 
wave diffusion effect upon entering the scattering medium, 
i.e., the patient tissue. In effect, multi-path interference may 
be employed so that the scattering process itself focuses the 
emitted light onto the desired focal point or points. In particu 
lar, to the extent that at any given time the disorder in a 
medium is ?xed or determinable, light scattering in the 
medium is deterministic and this knowledge may be utilized 
to modulate the emitted light such that the resulting scatter in 
the medium results in the light being concentrated or focused 
on a desired region of interest. 

The CW light 70 may be further spatially modulated using 
a liquid crystal phase modulator or other suitable modulator 
22. For example, to the extent that a continuous light wave 
may have a planar wavefront, a spatially modulated light 
wave, as discussed herein, may have a wavefront that is not 
planar and instead may be shaped by breaking the wavefront 
up into numerous sub-planes (e.g., square or rectangular seg 
ments) that are not all at the same phase, such that different 
portions of the wavefront reach the tissue surface at different 
times. The operation of the modulator 22 may be updated or 
iterated based upon feedback from the acoustic detector 20. 
For example, in one embodiment the signals generated by the 
acoustic detector 20 may be processed by a processor 30 
which may in turn evaluate the processed signal in accor 
dance with one or more algorithms or thresholds (such as a 

signal-to-noise threshold) and adjust operation of the modu 
lator 22 accordingly. In one embodiment adaptive learning 
algorithms or other suitable analysis algorithms (e.g., neural 
networks, genetic algorithms, and so forth) may be employed 
to evaluate the processed signal and to make adjustments to 
the modulation. 

In one example, an algorithm may be stored in the memory 
34 and executed by the processor 30 to generate the inverse 
diffusion wavefront. One such algorithm may utilize the lin 
earity of the scattering process in the tissue to generate the 
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8 
diffusion wavefront. For example, in one embodiment, the 
inverse diffusion wavefront may be generated in accordance 
with the equation: 

where Em is the linear combination of the ?elds coming from 
N different wavefront segments generated by the modulator 
22, A” is the amplitude of the light re?ected from segment n, 
q)” is the phase of the light re?ected from segment n, and tmn 
is the scattering in the sample and propagation through the 
optical system. In accordance with such an equation, the 
magnitude of Em may be maximized when all terms are in 
phase. The optimal phase for a segment, n, of the light wave 
front at a given time may be determined by cycling its phase 
from 0 to 275 while the phase of other segments is held con 
stant. This process may then be repeated for each segment. 
The optimal phase for each segment for which the target 
intensity is highest may then be stored. Once the optimized 
phase is known for each segment of the wavefront, the modu 
lator 22 may be programmed based on the stored values such 
that differential activation of the pixels or subgroups of pixels 
de?ned for the modulator 22 (such as for a liquid crystal phase 
modulator) spatially modulates the light incident upon the 
modulator 22. That is, differential adjustment of the opacity 
of elements de?ned by the modulator 22 (such as square or 
rectangular groupings of pixels of a liquid crystal element) 
may yield a light with a wavefront in which different seg 
ments or portions of the wavefront are out of phase, i.e., 
staggered with respect to one another. When the resulting 
spatially modulated light is transmitted through the tissue, the 
contributions attributable to each modulated portion of the 
wavefront of the light may constructively interfere with one 
another to yield the desired light intensity at the localized 
region of interest, as depicted in FIG. 3. 

While the preceding describes one implementation for 
generating a spatially modulated wavefront, such a wavefront 
may also be generated by an algorithm stored in the memory 
34 and executed by the processor 30 that models the optical 
?eld E at a point rb within a medium in accordance with: 

in which g is Green’s function describing propagation from 
q)(ra) to point rb. In an embodiment, each segment of the phase 
modulator is treated as a planar source having amplitude A 
and phase 4). If the phase modulator is assumed to be illumi 
nated uniformly, the amplitudes A at each segment may be 
assumed to be equal. By integrating the surface area S of each 
of the N segments, Equation (2) may be represented as: 

N (3) 
E = , a d2 0A "W W) Zalfsagm, r) r e 

which in turn yields 

(4) N 

EW) = A2 gbaew 
a 
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Changing the phase of a segment a of the phase modulator 22 
while holding the phase of other segments unchanged causes 
the intensity I at point rb to respond in accordance with: 

and 

(7) 

Where the number of segments N is large EbEzE(rb) and is 
therefore essentially the same across all segments. By ana 
lyZing each segment a in this manner, the coef?cients g M may 
be measured up to an unknown common prefactor E(rb). By 
determining the coef?cients gba, the optical ?eld at point rb 
(e.g., E(rb)) may be maximized by setting 4), equal to —arg 
(gba) for each of the segments. This combination of segment 
phases thus can yield an aggregate light intensity maximum at 
the region of interest: 

in which the different light channels associated with each 
channel will undergo constructive interference to reach the 
region of interest. 

The amount of intensity enhancement observed at the 
localized region 74 may be related to the numbers of seg 
ments or regions into which the wavefront of the CW light 70 
is broken. To the extent that the constants tmn are statistically 
independent and obey a circular Gaussian distribution, the 
expected enhancement, 1], may be represented as: 

where 11 is the ratio between the enhanced light intensity at the 
region of interest and the average light intensity at the region 
of interest prior to enhancement. 

In one example, correlation processing (e. g., matched ?lter 
compression) may be used to process the LFM responses 
received by the acoustic detector 20. Match ?lter detection 
allows the matching of the peaks and valleys of the reference 
signal (e.g., LFM reference chirp) with the corresponding 
detected acoustic signal so as to reduce or eliminate noise. 
Matched ?lter detection of a signal s(t) is based on the obser 
vation that the highest signal-to-noise ratio is achieved at the 
time t?o if the ?lter frequency response H(w) is equal to the 
complex subjugate of the signal spectrum: 

H(W):S* (W)e”W’0 (10) 

where the signal output of the ?lter with spectral response 
(10) is given by: 
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10 
where BS (t—to) is the correlation function of the signal s(t). 
Accordingly, the received acoustic response can be correlated 
with the reference LFM signal (e.g., chirp reference) to com 
pute BS(t—t0). In certain embodiments, fast Fourier transform 
(FFT) techniques may be used to compute the correlation 
function in the frequency domain and transform back to the 
time domain using the inverse FFT. The depth of various 
photoacoustic sources (e.g., discrete vascular components) 
may be determined based on the speed of propagation and the 
time of the observed acoustic responses to the emitted light. 
By varying the wavelengths used for observation, various 
different types of constituents may be derived based on the 
observation that different types of constituents absorb light at 
different wavelengths. Accordingly, a 2D image of the 
observed area may be constructed by using the derived 
depths, the constituent types, the constituent amount, and or 
the constituent concentration found at each depth. A 3D 
image may be constructed by layering a set of 2D images, 
each layer corresponding to a different tissue depth. 

In another embodiment, heterodyne mixing with coherent 
detection may be used to decode the LFM responses received 
by the acoustic detector 20. This technique is based on het 
erodyne mixing of LFM waveforms and coherent detection of 
the down-shifted signal at the single frequency speci?ed by 
the internally generated LFM reference signal. The signal 
detected by the acoustic detector 20 contains the chirp f(t): 
f0+[3(t—t0) delayed by the time tOIZ/ca where [3 is the fre 
quency f sweep rate, Z is the tissue depth, and ca is the speed 
of sound in tissue. The delayed response signal s(t) is given 
by: 

where AS is the complex amplitude and is assumed to be a 
constant within the chirp bandwidth. Computing the product 
s(t)-r(t) where r(t) is the chirp reference signal, and removing 
the sum frequency components using, for example, a low 
pass ?lter, gives the down-shifted signal V(t): 

Equation 13 shows that for the speci?c depth Z, the signal V(t) 
contains the frequency component fZIBZ/ca. Therefore, het 
erodyne mixing provides a direct relationship between the 
spectrum of the down-shifted signal and the depth of the 
photoacoustic sources. Any suitable coherent lock-in algo 
rithm may be used to suppress all signals at the frequencies 
f#f,. Setting the reference frequency f, is equivalent to select 
ing a speci?c depth for observation. As mentioned above, a 
2D image of the observed area may be constructed by select 
ing a speci?c depth for observation and deriving the constitu 
ent types found at each depth. Similarly, a 3D image may be 
constructed by layering a set of 2D images with each layer 
corresponding to a different tissue depth. 

Thus, in accordance with the present disclosure, emitted 
light may be intensity and spatially modulated so as to con 
verge on a region of interest within an otherwise scattering 
medium (e.g., tissue). In the context of photoacoustic spec 
troscopy, such convergence may be used to increase the ?u 
ence of light at the internal region of interest (e.g., light 
absorber) and to, thereby, improve the signal-to -noise ratio of 
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the generated acoustic signal. That is, focusing the emitted 
light on the internal region (such as by spatial modulation of 
the respective CW light wavefronts) generates a stronger 
acoustic signal, thereby improving the measurement process. 
Such techniques allow for precise measurements in indi 
vidual vasocirculatory structures. For example hemoglobin 
concentration and oxygen saturation (i.e., percentage of oxy 
gen in the blood) measurements may now be derived in local 
ized regions of interest. The optical absorption spectra of 
oxygenated hemoglobin (HbO2) and deoxygenated hemoglo 
bin (Hb) may be used to determine precise quantities of these 
two chromophores in the area being observed by irradiating 
the area with light near certain wavelengths such as 660 nm 
and 900 nm. The chromophores preferentially absorb light at 
certain wavelengths resulting in enhanced or reduced ultra 
sonic responses based on which wavelength is currently used 
to irradiate the tissue. The resulting ultrasonic responses may 
be analyzed to measure hemoglobin concentration as well as 
oxygen saturation in arterial and venous conduits. Such mea 
surements allow for determination of conditions such as ane 
mia, iron de?ciency, low or high blood oxygenation, and so 
forth. 

Imaging modalities may also be employed that allow for 
enhanced detail and image resolution of the tissue site under 
observation. Indeed, detailed in vivo 2D and 3D imaging may 
be created by deriving an image based on the type, amount 
concentration, and/or the location of the various tissue con 
stituents observed by the photoacoustic spectroscopy system 
8. The signals resulting from such observations may be pro 
cessed by the techniques disclosed above, such as the algo 
rithmic techniques, to derive an image corresponding to the 
image of the area under observation. Such imaging may be 
useful for capillary mapping, skin melanoma detection, and 
so forth. It is thus possible to observe the micro circulation of 
blood among individual arterioles and venules, thus enabling 
the characterization of blood ?ow and tissue perfusion (e.g., 
hydrostatic pressure measurements, osmotic pressure mea 
surements) at a capillary level. Additionally, soft brain tissues 
having different optical absorption properties may be 
observed by the techniques disclosed herein. For example, an 
absorption contrast and resulting ultrasonic response between 
a lesion area and a healthy area may be signi?cantly different. 
Accordingly, a lesion area may be identi?ed and imaged 
during in vivo examination of brain tissue using the photoa 
coustic spectroscopy system 8. 

Turning to FIG. 4, the ?gure is a ?owchart of a logic 82 that 
may be employed to measure very precise regions of interest 
in a tissue. The LFM reference chirp (i.e., reference signal) 
may be created, for example by retrieving a template chirp 
stored in ROM 60 or by using a function generator (block 84). 
In certain embodiments, the AOM 25 may use the LFM 
reference chirp to drive a laser so as to emit an intensity 
modulated continuous wave light with frequencies corre 
sponding to those of the LFM reference chirp (block 86). In 
these embodiments, the modulation may include an intensity 
modulation, that is, the optical power of the laser may be 
varied in accordance with the variations of the LFM signal. 
The emitted light may then be redirected into a spatial light 
modulator for further focusing through spatial modulation 
(block 88). The spatial light modulator is capable of altering 
the wavefront of the incident light as described above in 
relation to FIG. 3 such that the wavefront may be broken up 
into numerous sub-planes that are not all at the same phase. 
The spatially modulated light may then be emitted onto a 
tissue sample (block 90). 

The light incident upon the tissue sample may encounter a 
light absorber and experience kinetic energy activity that 
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12 
results in ultrasonic shock waves. The resultant ultrasonic 
shockwaves will generate acoustic waves 92 that can be 
detected, for example, by the acoustic detector 20 (block 94). 
The acoustic detector 20 is capable of converting the detected 
acoustic waves into electric signals (block 96). In certain 
embodiments, the electronic signals are processed by a vari 
ety of algorithms as described above so as to determine a 
concentration or quantity measure of light absorbers within a 
localized region of the tissue (block 98). As mentioned pre 
viously, the algorithms are capable of using a variety of spa 
tial modulation intensity enhancement techniques to observe 
the localized region. Similarly, LFM processing techniques 
may be employed to process the LFM components of the 
signal. The processed signal may be used to determine local 
ized measurements of certain physiologic parameters such as 
hemoglobin concentration and oxygen saturation. Other mea 
surements may be obtained based on microcirculatory obser 
vations, such as hydrostatic pressure measurements and 
osmotic pres sure measurements. Further, imaging modalities 
may be employed to produce in vivo images such as capillary 
maps, tissue maps, brain lesion images, and so forth, based 
on, for example, differing absorption contrasts among tissue 
regions. Indeed, the techniques disclosed herein allow for 
very precise imaging of tissue as well as for obtaining mea 
surements of highly localized regions of interest. The logic 82 
may then iteratively modulate the emitted light and process 
the resulting signal so as to continuously observe the region of 
interest, as illustrated. 

While the disclosure may be susceptible to various modi 
?cations and alternative forms, speci?c embodiments have 
been shown by way of example in the drawings and have been 
described in detail herein. However, it should be understood 
that the embodiments provided herein are not intended to be 
limited to the particular forms disclosed. Indeed, the dis 
closed embodiments may be applied to various types of medi 
cal devices and monitors, as well as to electronic device in 
general. Rather, the various embodiments may cover all 
modi?cations, equivalents, and alternatives falling within the 
spirit and scope of the disclosure as de?ned by the following 
appended claims. 
What is claimed is: 
1. A photoacoustic system, comprising: 
a light emitting component con?gured to continuously 

emit one or more wavelengths of light; 
a ?rst light modulating component con?gured to intensity 

modulate the light emitted by the light emitting compo 
nent; 

a second light modulating component con?gured to spa 
tially phase-modulate light emitted by the ?rst light 
modulating component, wherein the system is con?g 
ured to direct the spatially phase-modulated light into a 
tissue of a patient; 

an acoustic detector con?gured to detect acoustic energy 
generated in the tissue in response to the spatially phase 
modulated light; and 

a processor con?gured to determine a quantity measure of 
a physiologic parameter of the patient and to adjust the 
second light modulating component based on the acous 
tic energy detected by the acoustic detector. 

2. The photoacoustic system of claim 1, wherein one or 
more of the light emitting component, the ?rst light modulat 
ing component, the second light modulating component, the 
acoustic detector, or the processor are provided in a sensor 
body. 

3. The photoacoustic system of claim 1, comprising a 
monitor communicatively coupled with one or more of the 
light emitting component, the ?rst light modulating compo 
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nent, the second light modulating component, or the acoustic 
detector, wherein the processor is provided in the monitor and 
the monitor is con?gured to control the light emitting com 
ponent, the ?rst light modulating component, the second light 
modulating component, or the acoustic detector. 

4. The photoacoustic system of claim 1, wherein the inten 
sity modulation of the light comprises linear frequency 
modulation (LFM). 

5. The photoacoustic system of claim 1, wherein the physi 
ologic parameter comprises a hemoglobin concentration or 
an oxygen saturation. 

6. The photoacoustic system of claim 1, wherein the light 
emitting component comprises one or more light emitting 
diodes, one or more laser diodes, or a vertical cavity surface 
emitting laser. 

7. The photoacoustic system of claim 1, wherein the acous 
tic detector comprises one or more of an ultrasound trans 
ducer or an interferometer. 

8. The photoacoustic system of claim 1, wherein the ?rst 
light modulating component comprises an acousto-optic 
modulator. 

9. The photoacoustic system of claim 1, wherein the second 
light modulating component comprises a liquid crystal spatial 
light modulator. 

10. The photoacoustic system of claim 9, wherein the sec 
ond modulator comprises a plurality of subgroups of pixels. 

11. The photoacoustic system of claim 10, wherein each 
subgroup of pixels operates independently of the other sub 
groups. 

12. The photoacoustic system of claim 1, wherein adjust 
ing the second light modulator comprises evaluating a signal 
generated by the acoustic detector in response to the acoustic 
energy with an algorithm. 

13. The photoacoustic system of claim 12, wherein the 
algorithm comprises Green’s function. 

14. The photoacoustic system of claim 1, wherein adjust 
ing the second light modulator comprises evaluating a signal 
generated in response to the acoustic energy with a signal-to 
noise threshold. 

15. A photoacoustic system, comprising: 
a continuous wave light source con?gured to emit continu 

ous wave light at one or more wavelengths of light; 
a ?rst modulator con?gured to intensity modulate the con 

tinuous wave light; 
a second modulator con?gured to modulate wavefronts 

associated with the continuous wave light modulated by 
the ?rst modulator, such that each wavefront exhibits 
different phases at different locations, wherein the wave 
fronts are con?gured to be directed into a tissue; 

an acoustic detector con?gured to generate an electrical 
signal in response to acoustic waves generated in the 
tissue in response to the emitted continuous wave light; 
and 

a processor con?gured to determine a quantity measure of 
a physiologic parameter and to adjust the second the 
second modulator based on the electrical signal gener 
ated by the acoustic detector. 

16. The photoacoustic system of claim 15, wherein the one 
or more respective wavelengths are between approximately 
500 nm to approximately 1,100 nm. 
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17. The photoacoustic system of claim 15, wherein the 

processor is con?gured to determine a concentration or a type 
of an absorber based on the electrical signal generated by the 
acoustic detector. 

18. The photoacoustic system of claim 15, wherein the 
intensity modulation of the light comprises linear frequency 
modulation (LFM). 

19. The photoacoustic system of claim 18, wherein the ?rst 
modulator comprises an acousto-optic modulator or circuit 
con?gured to change the driving current of the light source. 

20. The system of claim 15, wherein the processor is con 
?gured to estimate a signal-to-noise ratio of the electrical 
signal and to adjust an operating characteristic of the second 
light modulating component based on the signal-to-noise 
ratio. 

21. The system of claim 20, wherein the processor is con 
?gured to use adaptive learning algorithms to adjust the oper 
ating characteristic of the second light modulating compo 
nent based on the signal-to-noise ratio. 

22. The system of claim 15, wherein each of the wavefronts 
associated with the continuous wave light comprise a plural 
ity of segments, and wherein the processor is con?gured to 
determine a target phase for each segment of the plurality of 
segments by cycling a phase of each segment individually and 
identifying the target phase that corresponds to the maximum 
intensity, storing the target phase for each segment in a 
memory of the system, and controlling the second modulator 
to modulate each of the wavefronts based on the target phase 
for each segment. 

23. A method for processing acoustic signals, comprising: 
using a processor to perform the steps of: 
creating an intensity modulated chirp of continuous wave 

light; 
spatially phase-modulating the continuous wave light 

chirp without changing an intensity pro?le of the con 
tinuous wave light chirp; 

emitting the spatially phase-modulated light chirp towards 
a tissue of a patient; 

detecting one or more acoustic waves generated within the 
tissue in response to the spatially phase-modulated light 
chirp; 

generating a signal corresponding to the one or more 
acoustic waves; 

processing the signal to generate a quantity measure of one 
or more physiological parameters related to the presence 
of a light absorber within the tissue; and 

adjusting the spatially phase-modulated light chirp based 
on the signal and a signal-to-noise threshold. 

24. The method of claim 23, wherein spatially modulating 
the continuous wave light chirp comprises altering respective 
wavefronts associated with the light chirp such that each 
respective wavefront comprises different regions at different 
phases. 

25. The method of claim 23, comprising separately pro 
cessing the signal to generate one or more images related to 
the presence of the light absorber within the tissue. 

* * * * * 


